protectionist device and, because of its technical complexity, a particularly deceptive and difficult barrier to challenge. At the same time, however, the SPS Agreement acknowledges the legitimate use of SPS measures (which include laws, regulations, and procedures such as inspection and treatment) to restrict trade to protect against bona fide risks to human, animal, and plant health.
The SPS Agreement calls for the widest possible international harmonization of SPS measures. With respect to phytosanitary measures, the SPS Agreement identifies the international and regional organizations operating within the International Plant Protection Convention (IPPC) framework to promote the harmonization objective. The SPS Agreement permits a member to introduce or maintain SPS measures that result in a higher level of protection than would be achieved by relevant international standards if the member determines, on the basis of a risk assessment, that the international standards are insufficient to achieve the level of protection the member determines to be appropriate. Nevertheless, the SPS Agreement obliges members to ensure that such measures are not more trade restrictive than required to achieve their appropriate level of phytosanitary protection, to avoid arbitrary or unjustifiable distinctions in the levels of protection deemed appropriate, to accept as equivalent alternative SPS measures demonstrated to achieve the appropriate level of protection, and to make transparent the determination of the appropriate level of sanitary or phytosanitary protection.
Wood-inhabiting pests of quarantine importance include the Asian longhorned beetle (Anoplophora glabripennis) and pinewood nematode (Bursaphelenchus xylophilus). A woodboring insect native to China and Korea, the Asian longhorned beetle commonly infests living, healthy trees. In 1998, after detection of Asian longhorned beetle infestations in urban hardwood populations in New York and Illinois, the United States Department of Agriculture (USDA) promulgated an interim rule adding treatment and documentation requirements for solid wood packing material (SWPM; e.g., pallets and crates) from China. It is estimated that between one-quarter and one-half of China's exports to the United States (valued at $42 billion in 1999) were affected by the change (3) .
The pinewood nematode infects conifers, especially pines, and is vectored by pine sawyer beetles of the genus Monochamus. The pinewood nematode is indigenous to North America, where it is rarely a primary pathogen, but it has caused extensive mortality in pines in Japan. The European Union (EU) began regulating U.S. and Canadian shipments of unprocessed coniferous wood products in the early 1990s, following interceptions of the pinewood nematode in shipments of wood chips to Finland and Sweden. European concern over the pinewood nematode subsequently heightened after an outbreak in Portugal and interceptions of the nematode in SWPM from the United States, Canada, China, and Japan. In 2001, the EU adopted emergency measures requiring the treatment and marking of all coniferous nonmanufactured wood packing material originating in the United States, Canada, China, or Japan. EU imports from the United States were valued at approximately $150 billion in 1999, and the USDA expects that a significant portion of U.S. exports will be affected by the measures, because most goods are transported using SWPM and a substantial portion of pallets and containers are made entirely of or partially of coniferous lumber. It is estimated that well over one-half of the $1.7 trillion worth of goods that entered or left Ideally, a phytosanitary performance standard would be defined as a probabilistic tolerance. For treatments such as solid wood pasteurization, this could be operationalized by stating with a specific degree of confidence that the treatment failure rate for a sentinel pest should be less than a defined level (e.g., X% confidence that the wood heat treatment failure rate for pest Y does not exceed Z%). This article illustrates a probabilistic approach to developing a phytosanitary performance standard, using heat treatment of the wood-inhabiting fungus Postia placenta as an example. The uncertainty about the proportion of wood blocks in which P. placenta survives after treatment is characterized by the Beta distribution, subject to the biological constraint that survival should decrease monotonically with increased time and temperature. Monte Carlo simulation techniques are then used to generate a probabilistic response surface relating proportion survival to treatment time and temperature. This modeling approach relaxes the parametric assumptions associated with traditional statistical methods for fitting response surfaces and is more flexible than conventional methods, resulting in a better fit to the observed data.
the United States in 1999 used some form of SWPM. In 2000, the IPPC Interim Commission on Phytosanitary Measures initiated development of international guidelines for regulating SWPM (3).
Current IPPC guidelines for pest risk analysis provide some direction for assessing the efficacy and impact of various options in reducing phytosanitary risk to an acceptable level. The guidelines state that the risk reduction options should be evaluated in terms of several criteria: biological effectiveness, cost/benefit of implementation, impact on existing regulations, commercial impact, social impact, phytosanitary policy considerations, time to implement a new regulation, efficacy against other quarantine pests, and environmental impact (5) . The recently adopted IPPC standard for quarantine pest risk analysis elaborates on the evaluation of risk reduction procedures, indicating that the probability that the pest will go undetected during inspection or survive other existing phytosanitary procedures should be estimated (6) . This provision is noteworthy in that it introduces the key concept that the efficacy of risk reduction procedures is probabilistic-not deterministic. Analysis of the performance of risk reduction measures is subject to both variability (arising from random stochasticity) and uncertainty (due to the limits of the current state of knowledge).
Historically, evaluations of the efficacy of phytosanitary measures have tended toward either simple binary determinations (effective or ineffective) that fail to explicitly account for the probabilistic nature of such measures, or toward subjective ordinal ranking statements (high, medium, low) based on professional judgment informed by available scientific information. Faced with the new challenge of developing commodity-and pest-specific international phytosanitary standards (e.g., for SWPM and citrus canker), and recognizing the lack of attention that has been paid to analyzing the efficacy of risk reduction measures, the ICPM recently recommended the development of a new international standard for assessing the efficacy of phytosanitary measures (4) .
There is broad consensus within the risk analysis field-a discipline of decision sciences-that the level of regulatory analysis should be commensurate with the importance of the problem and the consequences of additional detail to the regulatory decision (1) . Furthermore, the economic and political stakes largely determine the extent to which a regulatory agency's use of science is controversial (9) . It seems plausible, however, that an international trade dispute may arise in which a rudimentary analysis of phytosanitary measure efficacy is deemed by stakeholders or reviewers (e.g., courts or dispute resolution panels) to be insufficient to support a controversial standard. The measure conceivably could be challenged as being unnecessarily trade restrictive, insufficiently protective, or, perhaps most likely, both. This, and the increased economic stakes of multilateral phytosanitary measures affecting large volumes of trade, are prompting a more rigorous and more quantitative approach to phytosanitary risk assessment than heretofore.
Through its equivalence, transparency, and related provisions, the SPS Agreement encourages the development of risk-based standards. Ideally, a phytosanitary performance standard would be defined as a probabilistic tolerance. For treatments such as solid wood pasteurization, this could be operationalized by stating that the heat treatment failure rate for a sentinel pest should be less than a defined level with a specific degree of confidence (e.g., X% confidence that the wood heat treatment failure rate for pest Y does not exceed Z%). This article illustrates one approach to developing such a standard based on available data. The example presented is the effect of heat treatment on the survival of deep wood-inhabiting pests. Deep-wood pests, such as wood borers and deep-wood pathogens, are of particular concern because they are not susceptible to bark removal or surface treatments and are difficult to detect through visual inspection.
MATERIALS AND METHODS
Data. Newbill and Morrell (8) reported the effect of elevated temperatures on the survival of basidiomycetes that most frequently colonize untreated Douglas fir (Pseudotsuga menziesii) poles. Sterilized wood blocks (2.5 by 2.5 by 4 cm) were inoculated with fungi and then incubated for a minimum of 4 weeks. Colonized blocks were divided into sets of three, and sets of blocks were exposed to temperatures ranging from 48.9 to 71.1°C for periods ranging from 0.25 to 48 h. At selected time points, one set of blocks colonized by each fungus was removed, a thin section was cut from each of the blocks in a set, and this section was cut into 16 smaller cubes. The 48 cubes for each time-temperature combination were then cultured and examined for evidence of fungal growth 1 and 4 weeks after plating. Fungal survival was used as the measure of temperature tolerance.
Newbill and Morrell (8) selected Postia placenta and Antrodia carbonica for the heartwood portion of the experiment, because these are the two species that most frequently colonize Douglas fir heartwood. Both P. placenta and A. carbonica are classified as brown rot fungi. Although white rot fungi have been most extensively studied due to their potential commercial value in lignin removal processes, brown rot fungi are prevalent in many wood products and have drastic effects on wood strength reduction. In general, brown rots are perceived to be more damaging to the mechanical properties of wood because they are associated with greater strength losses at lower weight losses than are white rots (12) .
Based on studies dating from the 1930s on the heat tolerance of fungi colonizing southern pines, heat treatments ranging 
from 65.6°C for 75 min to 100°C for 5 min generally have been regarded as the minimal times and internal wood temperatures required for wood sterilization. More recently, however, some fungi isolated from woodchip piles have been found to survive exposure to temperatures of 65°C or greater for times ranging from 8 to 72 h, illustrating the limits of blanket wood sterilization rules (12) . Both P. placenta and A. carbonica produce chlamydospores, which facilitate their survival during prolonged exposure to elevated temperatures and other adverse environmental conditions. Although these species are wood decay fungi, it is expected that their response to elevated temperatures may be representative of thermotolerant pathogenic fungi that also produce chlamydospores. The results for P. placenta in treated heartwood are presented in Table 1 and Figure 1 . In the interests of brevity, only the P. placenta data are used to demonstrate the probabilistic modeling approach.
METHODS
The predicted response surface obtained by analyzing the P. placenta data in Table 1 using a standard logistic regression procedure (SAS PROC LOGISTIC, using the logit link function) is shown in Figure 2 . The missing data in Table 1 
that the overall model is highly significant (P < 0.0001). However, the conventional analysis fails to reflect the asymmetries and irregularities of the observed data (even after adjusting for overdispersion by empirically estimating the dispersion parameter). This is consequential in the region of greatest relevance to the development of phytosanitary standards-the tails of the joint distribution where pest survival is unlikely. In order to relax the statistical assumptions of the conventional analysis, a response surfacegenerating model is developed based on the Beta distribution, subject to the biological constraint that plant pest survival should decrease monotonically with increased time and temperature.
The Beta distribution is used to characterize the uncertainty about proportions arising from binomial processes (10) . The data in Table 1 provide the parameters for Beta distributions that characterize the uncertainty about the proportion of blocks in which the wood-colonizing fungus survives the period of exposure to an elevated temperature: Proportion (survival) ~ β(s + 1, n -s + 1) (equation 1), where "~" is the statistical notation for "is distributed as," s = number of culture-positive blocks exposed at a particular time-temperature combination, and n = the total number of blocks exposed at each combination (in this case, n = 48). This estimate of the Beta distribution parameters is obtained using a Uniform(0,1) prior distribution (i.e., in the absence of data,
Absent a suitable constraint, the simple Beta distribution survival model (equation 1) would treat each time-temperature combination independently, generating incongruous results in which fungal survival may increase with increased time and temperature. We know, however, that fungal survival decreases monotonically with increased time and temperature. Furthermore, the traditional practice for "sterilizing" wood poles has consisted of heating to 67°C for 60 min at the pith (7). Therefore, it would be inappropriate to presume a priori, for example, that any point in the interval 0 to 1 (i.e., 0 to 100%) is equally likely to estimate the proportion survival of P. placenta in Douglas fir at extreme time and temperature combinations (e.g., 71.1°C for 48 h). We are uncertain about the precise fungal survival percentage at this extreme time-temperature combination but confident that the actual survival would be extremely low. At a minimum, we know that the survival would be less than that under immediately lower time and temperature combinations (in Table 1 , neighboring cells immediately above or left of a given cell). Therefore, with the exception of the lowest time-temperature combination (48.9°C for 0.15 h) for which 
, where time i (for i = 1 to 15) ranges from 0.25 to 48 h, and temp j (for j = 1 to 9) ranges from 48.9 to 71.1°C. For example, a particular realization (iteration) of the constrained survival model (equation 2) may generate the random draws from three independent Beta distributions and the results presented in Table  2 . This illustrates just a single iteration of the model for one time-temperature combination (57.2°C for 2 h). However, we may generate a probabilistic response surface by performing resampling over all time and temperature combinations using Monte Carlo simulation techniques.
Monte Carlo simulation is a computerintensive technique involving repeated sampling from specified distributions using random number generation techniques. For each iteration of a Monte Carlo simulation, the computer generates a random sample from the specified distribution or distributions, analyzes the sample, and stores the results. Computational techniques such as Monte Carlo can be used to obtain a description of the sampling properties of empirical estimators when analytically derived theoretical results are not available. Monte Carlo simulations were performed with Latin Hypercube sampling (10,000 iterations of the 15 × 9 timetemperature combinations) using Palisades @Risk (ver. 3.5.2, Newfield, NY).
For each time-temperature combination, the model yields a distribution characterizing the survival of P. placenta in Douglas fir. For example, at the current heat treatment standard of 71.1°C for 75 min for unmanufactured wood imports (Fed. Reg., Vol. 60, pp. 27665-27682), the estimated survival distribution has a mean of 3 × 10 -3 , with a 95% confidence interval of 9 × 10 -5 to 1 × 10 -2 . The response surface obtained by specifying the mean of the survival distribution for P. placenta in Douglas fir at each time-temperature combination is shown in Figure 3 .
This modeling approach facilitates making inferences about the fungal survival distribution at particular time-temperature combinations. For example, the 95th percentiles of the survival distribution obtained at each time-temperature combination are shown in Figure 4 . That is, 95% of the simulated survival proportions fall below the values presented. As expected, the shape of the mortality curve over exposure time is dependent on the minimum core temperature. The series of curves suggests, however, that we can interpolate within the available data to generate countless time-temperature combinations that are equivalent in terms of their performance. That is, within the bounds of the series of curves in Figure 4 , the equivalent combinations would array themselves horizontally at any chosen level of survival between 0.1 and 0.001.
The analysis proceeds, therefore, by capturing an appropriate percentile of the survival model output at each time-temperature combination that corresponds to the chosen confidence level. For the purposes of this example, the 95th percentile is used. The complement of each of these values corresponds to a lower-confidence limit on the proportional lethality achieved at each time-temperature combination (Table 3 ). At each temperature that achieves a minimum specified percent lethality over some exposure duration, we can estimate the time required to achieve the target lethality rate by interpolation. For the purposes of this analysis, this result is obtained by specifying an empirical cumulative distribution (equation 3) with a minimum value of 0 h, a maximum value of 100 h, and discrete cumulative percentiles at each time increment reported in Table 3 : Cumulative(min, max,{x},{p}) (equation 3). At 60°C, for example, the distribution is specified as: min = 0; max = 100; {x} = 0.25, 0.5, …, 48; {p} = 0.0538, 0.0768, …, 0.9970. After simulating on the distribution for each temperature, the 90th and 99th percentiles are captured to obtain estimates of the time (h) required at each temperature to provide 95% confidence that the lethality achieved is at least 90 and 99%, respectively. By taking the log transform of these exposure periods and plotting them against temperature, we can estimate a line fit to the simulated data by means of ordinary least squares regression: log 10 
Note that the regression equation estimates the log of the time required to achieve the targeted lethality at a given temperature; therefore, the log transformation must be reversed to estimate the requisite time in hours.
RESULTS
The results of this analysis are summarized in Table 4 and displayed in Figure 5 . The method described provides one approach to estimating time-temperature combinations resulting in equivalent levels of phytosanitary protection-hence the term "iso-safety" curves. Each time-temperature combination corresponding to a point along the solid line in Figure 5 is estimated to provide 95% confidence of achieving at least 90% lethality-or equivalently, 95% confidence of a heat treatment failure rate of no more than 10%-for P. placenta in Douglas fir. Likewise, each point along the dashed line in Figure 5 is estimated to provide 95% confidence of a heat treatment failure rate of no more than 1% for P. placenta in Douglas fir. As suggested by Figure 4 , there is a series of long duration-high temperature combinations that would provide 95% confidence of a failure rate of no more than 0.1% as well. This is not to suggest that such treatments would be feasible for all applications. It serves to point out, however, that the analysis could be reproduced for countless alternative combinations of confidence level and treatment failure rate, if desired.
DISCUSSION
This analytic approach is limited to cases in which data on the response to treatment are available over several levels of the input variables. Many experimental studies, however, are designed to establish only whether there exists a statistically significant difference in the output obtained from a few levels of the input variables. The traditional approach has emphasized replication (to increase the power of statistical comparisons of discrete alternatives) at the expense of coverage and provides minimal information relevant to modeling the response surface over the entire range of concern to policymakers. This points to the need for future experimental studies on the performance of phy- tosanitary treatments to more carefully consider the tradeoff between replication and coverage. The illustrative analysis presented also is limited in that it does not address the uncertainty surrounding heat treatment performance introduced by extrapolating from laboratory observations to field operations. Under experimental protocols, for example, the heated material may be rapidly cooled by immersion in ice water as soon as it has achieved the minimum core temperature for the specified exposure period. Under operational conditions, however, there would be some additional lethality expected during passive cooling. This draft analysis also does not take into account the initial inoculum levels achieved under the experimental protocol (8) . If the initial levels are such that they would rapidly and substantially deteriorate the mechanical properties of the solid wood (and therefore result in its disposal), then less stringent heating may be required to achieve the designated level of protection under operational conditions. Alternatively, additional heating might be indicated if higher levels of fungal colonization may be encountered in unmanufactured wood materials that remain serviceable for a sufficient period of time to act as a vehicle of introducing the pest to a new environment.
The failure rate estimated for the current heat treatment standard (71.1°C for 1.25 h) may appear somewhat higher than expected, with a mean value of 0.3%. There are at least three possibilities: (i) the model may overstate the true failure rate (e.g., due to factors unaccounted for, such as additional mortality during passive cooling), (ii) the consequences of failure as defined here-the ability to culture the organism from a treated sample-are generally negligible due to low levels of surviving pests that fail to grow out after treatment to substantial levels, and (iii) both i and ii.
In conclusion, it should be noted that, in the absence of rigorous risk reduction analysis, there is no formal linkage between an identified risk and the measures designed to achieve a country's appropriate level of phytosanitary protection. The preferred level of protection may be revealed implicitly, however, by the combination of measures required in a particular situation. The inferred level of protection may be higher or lower than the levels considered by the country to be appropriate in comparable situations. In this case, the SPS Agreement requires that the country be prepared to demonstrate that the distinction in the appropriate level of protection is not arbitrary or unjustifiable. The WTO Committee on Sanitary and Phytosanitary Measures (2000) notes that the "establishment of different levels of protection in the face of similar risks in different situations may raise the question as to whether the differences in the levels of protection are arbitrary or unjustifiable." If the distinction is determined to be arbitrary or unjustifiable, the country must be prepared to demonstrate that the measure does not result in discrimination among members, or in a disguised restriction on international trade. Although no precise definition of "discrimination or a disguised restriction on international trade" currently exists, substantial differences in the levels of protection considered to be appropriate in different situations, the existence of arbitrary or unjustifiable differences in the levels of protection considered by a member as appropriate in different situations, or insufficient scientific justification for SPS measures are considered "warning signals" that could indicate the existence of discrimination or a disguised restriction on trade (2) .
